this interaction, especially regarding the ratio of threonine to lysine (Thr/Lys) in broilers. In the present experiment, growth performance, carcass characteristics, nutrient digestibility and serum biochemical parameters of broilers fed low-protein diets supplemented with various Thr/Lys were determined.
INTRODUCTION
Threonine (Thr) is an essential amino acid that cannot be synthesized in the animal body and has to be supplemented in the diet. In most plant-based feedstuffs for poultry, threonine is the third or fourth limiting amino acid. In the past ten years, threonine has become one of the main factors limiting animal performance as inclusion of crystalline lysine and methionine in complete diets has increased. Several researchers have found that weight gain, feed conversion ratio (Li and Guo, 2000) , carcass characteristics (Dozier et al., 2000) and immunity of broilers (Dozier et al., 2001 ) could be improved with an increase of threonine in the diet. Broilers fed low-protein, threonine supplemented diets achieved the same high level of growth performance that was achieved by broilers fed high-protein diets (Kidd et al., 1997) , while the amount of protein feedstuff and feed cost were both reduced.
As threonine may interact with other amino acids, especially lysine, the Threonine requirement could be affected by the lysine content of diets to some extent. However, little research has been conducted to investigate a starter (d 0-21), grower (d 22-42) and finisher (d 43-49) phase. Six dietary treatments included one control group and five experimental groups (treatments 1-5). The experimental design, dietary composition and nutritional levels are showed in Table 1 and 2. Control diet was formulated to meet NRC (1994) recommendations for all nutrients. The crude protein level of treatments 1-5 was 2% lower than that of the NRC. The Thr/Lys in treatments 1-5 was 0. 65, 0.70, 0.75, 0.80 and 0.85, respectively , during the starter and grower phases and 0. 70, 0.75, 0.80, 0.85 and 0.90, respectively , during the finisher phase with other nutrient levels kept consistent.
Experimental procedures
At the end of the starter, grower and finisher phases, the broilers were individually weighed, and six broilers per treatment (one broiler per pen) were randomly selected and 5 ml of blood was drawn from the heart of the broilers in order to determine the serum biochemical parameters. Serum was separated by centrifugation (2,500×g for 15 min) and was stored at -80°C until analysis. Following blood sampling, the birds were bled and carcass was (AOAC, 1995) . Nutrient content in both the diets and excreta were analyzed according to AOAC (1995) procedures. Serum uric acid, cholesterol and triglyceride (CHOD-PAP method) were measured using a commercially available kit (Beijing Zhongsheng Biotech Company, Beijing, China).
Statistical analysis
Data were analyzed as a randomized complete block design using the GLM procedure of SPSS 10.0 (Lu et al., 2000) . If the difference among the seven treatments was significant, then Duncan's Multiple Comparison test was used for post hoc multiple comparisons. Linear and quadratic regression analysis was used to determine the effects of increasing Thr/Lys in treatments 1-5. Pen was used as an experimental unit for the performance and digestibility data, whereas individual bird data were used as the experimental unit for carcass characteristics and serum biochemical parameters. A level of p≤0.05 was set as the criterion for statistical significance.
RESULTS

Performance
Performance data are presented in Table 3 . Regression analysis of treatments 1-5 showed that average daily gain (ADG) during the finisher phase tended to increase with increasing Thr/Lys. ADG of treatments 1, 3 and 4 were lower (p<0.05) when compared to the NRC control during the starter phase. ADG of treatments 1-5 were lower (p<0.05) than that of the NRC control during the grower phase, and ADG of treatment 1 was lower (p<0.05) than that of the NRC control during the finisher phase. The average daily feed intakes for treatments 1 and 4 were lower (p<0.05) than that of the NRC control during the grower phase. Feed/gain (F/G) of the NRC control was lowest (p<0.05) during the starter phase. F/G of treatments 2 and 5 were higher (p<0.05) than that of the NRC control during the grower phase. However, the performances of the broilers on treatments 1-5 were not different (p>0.05). These results indicate that low-protein diets supplemented with an appropriate Thr/Lys could not support the same performance that was achieved by the broilers fed the control NRC diet, although the Thr/Lys in treatments 3-5 was higher than that in the NRC control diet.
Carcass characteristics
The carcass characteristics data of the broilers are shown in Table 4 . Regression analysis of treatments 1-5 showed that breast muscle proportion on d 21 increased linearly (p<0.05) and quadratically, and the proportion of leg muscle on d 49 linearly increased in response to graded levels of Thr/Lys. There was a 15.08% increase in breast muscle proportion on d 21 and a 28.76% increase on d 49 in the thigh muscle proportion of broilers in dietary treatment 5 in comparison to those consuming treatment 1 diets. This indicates that breast and thigh muscle yield could be improved due to the increase of Thr/Lys. On d 21, the breast muscle proportions of broilers consuming the dietary treatments 3 and 5 were higher (p<0.05) than that of broilers on the NRC control diet. The proportion of abdominal fat in broilers consuming the dietary treatments 1-5 was quantitatively higher than that of broilers on the NRC control diet. A significant difference (p<0.05) in the proportion of abdominal fat was observed between treatment 4 and the NRC control. On d 42, the leg muscle proportion of broilers on treatment 4 was significantly lower (p<0.05) than that of broilers on the NRC control and on treatments 2 and 5. On d 49, no differences in carcass measurements were observed between treatments.
Nutrient digestibility
The nutrient digestibility data of the broilers are shown in Table 5 . In the starter, grower and finisher phases, no treatment differences were detected for dry matter, energy and crude protein digestibility.
Serum biochemical parameter
Serum biochemical parameter data are shown in Table 6 . Serum uric acid concentration was not different among all treatments. On d 21, serum triglyceride levels of broilers on dietary treatments 3 and 5 were higher (p<0.05) than those of the broilers consuming the NRC control diets.
DISCUSSION
In most plant-based feedstuffs for poultry, Threonine is the third or fourth limiting amino acid. Several authors have reported that growth performance (Li, 2000) and carcass characteristics (Dozier et al., 2000) could be improved with dietary supplementation of Thr. Low-protein, Thrsupplemented diets have been shown to support the same performance levels achieved in broilers fed high-protein diets (Kidd et al., 1997) , while the total amount of protein feedstuff required was reduced and the feed cost was lower. In addition, nitrogen excretion from broiler production was reduced.
In our study, ADG during the finisher phase tended to increase with increasing Thr/Lys. Other authors have reported improvement in growth performance in broilers or pigs fed diets with increasing Thr/Lys. Feng and Xu (2003) have reported higher ADG in growing-finishing pigs when the Thr/Lys was increased. In addition, both Li and Guo (2000) and Ciftci and Ceylan (2004) , have demonstrated that growth performance was improved with increasing Thr supplementation. In their experiments, the Thr/Lys was increased by supplementation of Thr while the Lys level remained constant in their experiments.
In our experiment, breast muscle proportion on d 21 and thigh muscle proportion on d 49 were both increased in response to graded levels of Thr/Lys, indicating that breast and thigh muscle yield may be improved with increasing Thr/Lys, which is in agreement with Dozier et al. (2000 Dozier et al. ( , 2001 . In addition, Feng and Xu (2003) and Feng et al. (2001) have reported that both the lean proportion and meat yield of pigs were increased with an increase in Thr/Lys, and that the values were highest when Thr/Lys was 72. Ciftci and Ceylan (2004) reported that incremental increases in dietary Thr increased breast yield of broilers. Collectively, these results indicate that carcass quality or protein deposition was enhanced with an increase in the Thr/Lys.
In our study, serum uric acid concentration tended to decrease linearly and quadratically with increasing Thr/Lys on d 49. In poultry, excess amino acids are metabolized to uric acid, which is then transported into the kidney, where it is excreted. Serum uric acid levels will increase when one or several amino acids are deficient or in excess. In our study, such a modification of serum uric acid concentration was positively correlated with weight gain and protein deposition. This indicated further that, with increasing Thr/Lys, protein metabolism was improved.
The NRC (1994) Thr/Lys ratio recommendations are 0.73, 0.73 and 0.80 during the starter, grower and finisher phases, respectively. In our experiment, increasing the Thr/Lys ratio improved performance and breast and thigh muscle yield, so the ratio of Thr/Lys that may achieve the maximum performance and protein deposition might be higher than the NRC (1994) . In this experiment, we were not able to determine the optimal ratio of Thr/Lys that could achieve superior performance and breast and thigh muscle yield. This should be further investigated in subsequent trials.
In the present study, it is clear that broilers fed the lowprotein diets supplemented with an appropriate Thr/Lys (treatment 1-5) did not reach the same level of performance achieved by the broilers fed the control diet formulated according to the NRC (1994) recommendations. However, many other authors have reported similar performance in broilers fed low-protein, amino acid supplemented diets. Holsheimer et al. (1994) reported that, for birds fed the lowprotein diet (160 g CP/kg) supplemented with essential amino acids (EAA), non-essential amino acids (NEAA) and threonine to the same concentrations resulted in similar performance to that found in birds on the high-protein diet. Deschepper and De Groote (1995) also indicated that it was possible to obtain the same performance levels with low protein diets supplemented with synthetic amino acids, using an ideal amino acid balance. In the present study, the low-protein diets supplemented with various Thr/Lys (treatment 1-5) failed to support the same performance that was achieved by broilers fed the NRC control diet. There could be several explanations for this discrepancy. First, in dietary treatments 1-5, the crude protein levels were lower, which may have resulted in a content of the other amino acids including EAA and NEAA (except lysine, methionine and Thr) that was too low to meet the higher performance requirements although lysine, methionine and Thr were supplemented. Second, some researchers have reported that animals require not only free amino acids, but also small peptides to support growth, and the peptides may be the essential nutrients, and the low-protein, amino acid supplemented diet may have been deficient of these small peptides (Dai, 2002) . Indeed, others have also reported performance of animals fed low protein diets supplemented with several essential amino acids was generally inferior to that of birds fed a higher protein diet composed primarily of intact protein (Pinchasov et al., 1990) . In the present experiment, breast muscle proportion on d 21 of broilers in dietary treatments 3 and 5 were higher than that of birds consuming the NRC control, which is not consistent with the results of Kidd et al. (1997) and Alleman et al. (2000) . Kidd et al. (1997) showed that low-protein diets [84 and 76% of the NRC (1994) recommendations] decreased breast meat yield compared to high-protein diets [100 and 92% of the NRC (1994) recommendations]. Alleman et al. (2000) also reported that reducing CP concentration always decreased breast muscle proportion. Kidd et al. (1997) reported that diets containing Met, TSAA, Lys, Thr, and Trp at a minimum of 105% NRC (1994) recommendations might support favorable breast meat yield of Large White toms when CP was decreased to 92% of the NRC (1994) recommendation. The reasons for this discrepancy are unknown. Spencer (1984) , Sell et al. (1989) and Sell (1993) suggested that marginal reductions in dietary CP support live performance and carcass quality equal to high CP diets depending on the extent to which CP is reduced and which essential amino acids are supplemented in the low CP diets. Subsequent trials should evaluate the extent to which CP may be reduced while supporting live performance equal to that of higher CP diets.
IMPLICATIONS
Data from this present study demonstrate that performance and breast and thigh muscle yield may be improved with increasing the Thr/Lys in low-protein diets. In addition, the low-protein diets supplemented with an appropriate Thr/Lys was not able to support the same performance that was achieved by the broilers fed the control diet formulated according to NRC (1994) recommendations. Further studies are needed to evaluate the appropriate Thr/Lys that meets the highest performance and carcass quality and the extent to which CP may be reduced such that the diets can support live performance equal to that of the high CP diets.
